1. Introduction
===============

Hypertension is an important public health challenge globally because of its high prevalence and a strong association with concomitant risks of stroke, cardiovascular disease (CAD), end-stage renal disease, and overall mortality that affects all segments of the population.^\[[@R1],[@R2]\]^ In 2010, the global prevalence of hypertension was estimated to be 29.8% of the world\'s adult population (30.7% in men and 28.8% in women).^\[[@R2]\]^ A high blood pressure epidemic predisposes to an increased risk of adverse outcomes and associated costs; thus, strategies for prevention and appropriate treatment should be implemented to modify these trends. In addition, the efficacy of various modalities to help identify subjects at high risk has been gaining attention.

Previous studies showed that circulating high uric acid (UA) levels were associated with increased prevalence of hypertension and a high-risk status of cardiovascular complications which frequently leads to poor patient prognosis.^\[[@R3]--[@R6]\]^ The potential mechanisms to account for these associations may be diverse; that is, endothelial dysfunction, a vascular smooth muscle cell proliferation, insulin resistance, and impaired endothelial nitric oxide productions.^\[[@R7]\]^ Although evidence has suggested that elevated serum UA (sUA) levels might play a role in the development of hypertension, the relationship between sUA and blood pressure is confounded by numerous factors, and hence this subject continues to remain controversial. What\'s more, elevated sUA levels are also prevalent in patients with metabolic syndrome (MetS), which return to affect development of hypertension and sUA levels.^\[[@R8]--[@R10]\]^ Confirming the involvement of elevated sUA levels in the pathogenesis of hypertension has been difficult, because MetS can confound the relationship between elevated sUA levels and hypertension because they share common pathophysiological features. For these reasons, controlling for MetS is important in clinical studies that examine the association between elevated sUA levels and the incidence of hypertension.

In this study, we aimed to assess the association between sUA levels and the incidence of hypertension in non-MetS subjects. In additional, we developed the sUA-based score and nomogram to assess the prognostic ability of sUA when used in combination with other risk factors.

2. Materials and methods
========================

2.1. Subjects
-------------

This was a prospective observational study performed between 2007 and 2010 at the Health Examination Center of the First Affiliated Hospital of Zhejiang Chinese Medical University. We included 23,525 subjects who had been followed up for least 5 years prior to enrollment in this study. Informed consent was obtained from all subjects. They were informed that the data relating to this study would possibly be used for academic purposes. Confidentiality was maintained in all subjects, and all personal or identifying information was eliminated from the data. The study protocol was approved by the Institutional Ethical Review Committee of the First Affiliated Hospital of Zhejiang Chinese Medical University.

Subjects were selected after application of the following exclusion criteria:Step 1: We excluded 3564 subjects \<18 or \>60 years of age.Step 2: We excluded 7612 subjects presenting with any component of MetS (systolic blood pressure/diastolic blood pressure \[SBP/DBP\] ≥ 140/90 mm Hg or a prior diagnosis of hypertension, body mass index \[BMI\] ≥ 25 kg/m^2^, fasting plasma glucose \[FPG\] ≥ 6.1 mmol/L, triglycerides \[TG\] ≥ 1.7 mmol/L, high-density lipoprotein cholesterol \[HDL-C\] \< 0.9 mmol/L in men and \<1.0 mmol/L in women).Step 3: We excluded 707 subjects with history of consumption or smoking, or use of medications known to affect components of MetS or sUA levels. After excluding these subjects, 11,642 subjects were enrolled as the study cohort.

2.2. Data collection
--------------------

A standard protocol for health checkups was followed at the Health Examination Center of Hangzhou, and checkups were performed by senior nursing staff. Clinical examination and data recording were performed in the morning after an overnight fast, and subjects were instructed to refrain from exercise the day prior to their examination.

Both SBP and DBP were measured twice on the right arm by trained medical staff using a noninvasive automated sphygmomanometer (OMRON, Japan) with subjects in a sitting position in a quiet environment. Hypertension was defined as SBP ≥ 140 or DBP ≥ 90 mm Hg or history of intake of antihypertensive medication. BMI was used as an index of body fat and was calculated as the weight (kg) divided by the square of height (m^2^).

Blood samples were drawn from the antecubital vein for biochemical analysis, primarily to assess FPG, total cholesterol (TC), TG, HDL-C, low-density lipoprotein cholesterol (LDL-C), sUA, and creatinine. The creatinine clearance rate (Ccr) was calculated using the formula: Ccr = (140 − age) × weight (kg)/\[72 × serum creatinine (Scr) (mg/dL)\] (× 0.85 for women).

2.3. Statistical analysis
-------------------------

All data were tested for normal distribution using the Kolmogorov--Smirnov test and continuous variables of normal were expressed as mean ± standard deviation. Categorical values were expressed as absolute and relative frequencies. The *t* test or χ^2^ test was used to evaluate differences between groups. We used a generalized additive model (GAM) to determine the relationship between sUA and the incidence of hypertension. Then subjects were classified into 4 groups based on the sUA quarter: Q1 \< 210 μmol/L, 210 μmol/L ≤ Q2 \< 257 μmol/L, 257 μmol/L ≤ Q3 \< 318 μmol/L, and Q4 ≤ 318 μmol/L. We used a logistic regression model adjusted for confounders to assess independent risk factors associated with the incidence of hypertension. In addition, we generated an area under the receiver operating characteristic curve (auROC), which is a measure of discrimination, to assess the diagnostic ability of sUA in determining the incidence of hypertension. Next, a nomogram was developed to represent results obtained from the multivariate model, estimating decrease of sUA and other independent risk factors from baseline starting from considered covariates. The nomogram was developed using model coefficients to assign points to characteristics and predictions from the model to map cumulative point totals. All statistical analysis was performed using R software version 3.0.1 (R Foundation for Statistical Computing, Vienna, Austria). A *P* value \< .05 (2-sided) was considered statistically significant.

3. Results
==========

3.1. Subject characteristics
----------------------------

We included 11,642 subjects in our study. Mean age of subjects was 37.1 ± 9.7 years, and 763 (6.55%) were diagnosed with hypertension at the 5-year follow-up. Baseline characteristics of 11,642 subjects stratified on the basis of hypertension are shown in Table [1](#T1){ref-type="table"}. Mean age of hypertensive subjects was 36.7 ± 9.4 years and that of nonhypertensive subjects was 43.2 ± 10.5 years (*P* \< .001). Baseline SBP and DBP were higher in those diagnosed with hypertension (119.4 ± 10.6 vs. 114.8 ± 10.8 mm Hg, 74.2 ± 7.7 vs. 71.5 ± 7.7 mm Hg, respectively, both *P* \< .001). And the average SBP and DBP at 5-year were 149.9 ± 9.9 and 95.4 ± 6.2 mm Hg in hypertensive subjects. Table [1](#T1){ref-type="table"} shows higher sUA levels in hypertensive subjects compared with nonhypertensive subjects (301.8 ± 85.1 vs. 265.0 ± 77.1 μmol/L, respectively, *P* \< .001). BMI, Ccr, FPG, TC, TG, and LDL-C values were significantly higher in hypertensive subjects, while the HDL-C value was observed to be lower.
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Baseline characteristics of patients.
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3.2. Association between sUA and incidence of hypertension
----------------------------------------------------------

A GAM was used to determine the relationship between sUA and incidence of hypertension. As shown in Fig. [1](#F1){ref-type="fig"}, sUA demonstrated a positive association with risk of hypertension regardless of adjustments for confounding variables. In addition, we found a turning point in the curve. When the sUA level was \>500 μmol/L, the incidence of hypertension showed a sudden increase. To gain a deeper understanding of the relationship between the sUA level and the incidence of hypertension, subjects were classified into 4 groups based on the sUA quarter: Q1 \< 210 μmol/L, 210 μmol/L ≤ Q2 \< 257 μmol/L, 257 μmol/L ≤ Q3 \< 318 μmol/L, Q4 ≤ 318 μmol/L. Higher sUA levels were significantly associated with a higher incidence of newly developed hypertension over a period of 5 years: 3.4% (Q1), 5.2% (Q2), 7.3% (Q3), and 10.3% (Q4), respectively (*P* \< .001). This increasing trend is particularly prominent in the group showing the highest sUA level. As Table [2](#T2){ref-type="table"} shows, considering Q1 as the reference group, Q2, Q3, and Q4 demonstrated a higher risk for hypertension with odds ratios (ORs) of 1.54 (1.19, 2.00), 2.22 (1.74, 2.84), and 3.27 (2.59, 4.12), respectively. Adjusting for other known confounding variables, compared with Q1, ORs of Q2--Q4 were 1.51 (1.15, 1.98), 1.72 (1.30, 2.27), and 2.27 (1.68, 3.06), respectively, which show that sUA was an independent risk factor associated with the incidence of hypertension. Moreover, male sex, BMI, baseline SBP, age, FPG, TG, and HDL-C were demonstrated to be independent risk factors.

![Curve-fitting of serum uric acid and risk of hypertension. (A) Unadjusted and (B) adjusted for age, sex, body mass index, systolic blood pressure, diastolic blood pressure, creatinine clearance rate, fasting plasma glucose, triglycerides, total cholesterol, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol.](medi-97-e9765-g002){#F1}
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Univariate and multivariate analyses of risk factors for hypertension.
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3.3. Interaction between risk factors and the sUA to determine risk of hypertension
-----------------------------------------------------------------------------------

We investigated the interaction between the sUA and other independent risk factors. Stratified analyses were performed based on sex, age, BMI, FPG, TG, and HDL-C as variables. As shown in Table [3](#T3){ref-type="table"}, in the high TG group, compared with Q1, the ORs of Q2--Q4 were 1.12 (0.78, 1.59), 1.26 (0.88, 1.79), and 1.64 (1.12, 2.38), respectively, while in the low TG group these values were 2.19 (1.44, 3.34), 2.57 (1.64, 4.03), and 3.63 (2.19, 6.03), respectively. The *P* value of interaction was 0.006 indicating that the TG level demonstrates a significant interaction with the sUA in terms of development of new hypertension. There were no significant interactions between the remaining subgroups (*P* \> .05 for all comparisons), including sex (*P* = .888), age (*P* = .129), BMI (*P* = .093), FPG (*P* = .405), and HDL-C (*P* = .613).

###### 

The interaction between risk factors and serum uric acid for risk of hypertension.
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3.4. Diagnostic ability of sUA and nomogram analysis
----------------------------------------------------

The auROC was generated to assess the diagnostic ability of sUA in determining the incidence of hypertension. Figure [2](#F2){ref-type="fig"} shows that the auROC of sUA is 0.627 (0.607, 0.647) with a sensitivity of 0.633 and specificity of 0.560. Next, we developed a new prognosis score based on independent risk factors using a multivariate logistic regression model as shown in Table [2](#T2){ref-type="table"}:

![Receiver operating characteristic curve of sUA and sUA-based score for risk of hypertension. The sUA-based score = −17.15606 + 0.00462 × sUA + 0.05323 × AGE + 0.43808 × FPG + 0.43968 × TG + 0.33417 × HDL-C + 0.16260 × BMI + 0.03775 × SBP. BMI = body mass index, FPG = fasting plasma glucose, HDL-C = high-density lipoprotein cholesterol, SBP = systolic blood pressure, sUA = serum uric acid, TG = triglycerides.](medi-97-e9765-g006){#F2}

The auROC of the score was 0.760 (0.742, 0.777) with a sensitivity of 0.718 and specificity of 0.691. A novel clinical prognostic nomogram was developed to predict the 5-year risk of hypertension for an individual patient (Fig. [3](#F3){ref-type="fig"}). The risk score ranging from 0 to 350 for an individual patient is the weighted sum of the individual predictors with weights equal to regression coefficients (log hazard ratio) using the logistic model mentioned above.

![A nomogram to predict 5-year risk of hypertension for an individual patient. The risk score ranging from 0 to 350 for an individual patient is the weighted sum of individual predictors with weights equal to the regression coefficients in the sUA-based score = −17.15606 + 0.00462 × sUA + 0.05323 × AGE + 0.43808 × FPG + 0.43968 × TG + 0.33417 × HDL-C + 0.16260 × BMI + 0.03775 × SBP. BMI = body mass index, FPG = fasting plasma glucose, HDL-C = high-density lipoprotein cholesterol, SBP = systolic blood pressure, sUA = serum uric acid, TG = triglycerides.](medi-97-e9765-g007){#F3}

4. Discussion
=============

This study indicated that a high sUA level is associated with an increased incidence of hypertension at 5-year follow-up in non-MetS subjects adjusting for confounders. Interaction analysis demonstrated that sUA plays a relative stable role in the development of hypertension. Moreover, we developed a new score based on selected independent risk factors and assessed its diagnostic ability after performing ROC analysis. In addition, a nomogram was developed to predict 5-year risks of hypertension for each patient.

Several studies have reported an association between sUA and hypertension. For instance, a Chinese senior dynamic cohort study, which included 3591 nonhypertensive subjects reported that the 4.69 to 5.58, 5.58 to 6.52, and ≥6.52 mg/dL quartiles yielded hazard ratios (95% confidence interval \[CI\]\] of 1.652 (1.265--2.156), 2.195 (1.705--2.825), and 3.058 (2.399--3.899), respectively, for hypertension compared with the lowest sUA quartile (\<4.69 mg/dL).^\[[@R4]\]^ Another study, which included 5748 adolescents between 10 and 15 years of age at baseline with a median 7.2 years of follow-up, demonstrated that a high sUA level was the second or third best predictor for hypertension in both genders (hazard ratio 2.92 for males and 5.22 for females, *P* \< .05), using cut-off points of sUA for adolescent males and females (7.3 and 6.2 mg/dL, respectively).^\[[@R11]\]^ In addition to these studies, others have reported an association between hyperuricemia and the risk of incident prehypertension. A cross-sectional study among 4817 National Health and Nutrition Examination Survey 1999 to 2002 nonhypertensive subjects aged ≥18 years revealed that higher sUA levels were positively associated with prehypertension, independent of smoking, BMI, diabetes, kidney function, and other confounders, with the multivariate OR (95% CI) of sUA (\>356.9 mmol/L) being 1.96 (1.38--2.79) compared with quartile 1 (\<237.9 mmol/L).^\[[@R12]\]^ Due to the MetS confounding the relationship between elevated sUA levels and hypertension, we included a non-MetS population. Our major founding shows a significant association between sUA and hypertension incidence, consisting with that in MetS population. In addition, interaction analysis revealed the stable impact of sUA on hypertension incidence, independent of the variation in sex, age, BMI, FPG, TG, and HDL-C. All of above demonstrated the stable role of sUA on development of hypertension.

Our study revealed that hyperuricemia was significantly associated with the incidence of hypertension even after adjustment for known confounders. Several potential pathomechanisms explain the association between sUA and the elevated risk of hypertension. One such explanation involves the role of insulin resistance. Elevated insulin levels lead to low urinary ammonium levels and predispose to the precipitation of UA.^\[[@R13],[@R14]\]^ Insulin resistance acts via distinct and independent mechanisms and contributes to the development of several metabolic disorders, whose impact on the development of CAD such as hypertension, has been emphasized worldwide.^\[[@R13],[@R15],[@R16]\]^ Conversely, a study reported by Zhu et al^\[[@R17]\]^ demonstrates that a high sUA level could directly induce insulin resistance in vivo and in vitro by inhibiting IRS1 and Akt insulin signaling. Another possible mechanism is the effect of renal dysfunction mediated by an elevated sUA level. Hyperuricemia causes hypertension and renal injury via a crystal-independent mechanism via stimulation of the renin--angiotensin system and inhibition of neuronal nitric oxide synthase.^\[[@R18],[@R19]\]^ A growing body of evidence lends strength to the hypothesis that an elevated sUA level causes vasoconstriction and vascular remodeling that results in hypertension and contributes to the gradual decline in renal function in at-risk individuals.^\[[@R20],[@R21]\]^ Other mechanisms involve the role of endothelial dysfunction.^\[[@R19]\]^ In rats, sUA-induced endothelial dysfunction was demonstrated to be associated with mitochondrial alterations and decreased intracellular adenosine triphosphate.^\[[@R22]\]^ Interestingly, as the main quantitative determinant of total antioxidant capacity (TAOC), sUA is expected to protect against progression of hypertension. sUA plays 2 edged blade in the procession of hypertension: determinant of antioxidant or MetS. However, studies showed that the correlation of TAOC with CAD was yet weaker than UA.^\[[@R23]\]^ In a cross-sectional study of 968 adults, there were not any significant differences in TAOC and the activity of antioxidant enzymes but UA was increased in CAD group.^\[[@R24]\]^

This study shows multiple strengths; however, several limitations need to be noted: we showed significant associations between elevated sUA levels and the incidences of hypertension in non-MetS; however, no causal relationship could be inferred because this study was observational. Some key data were not obtained such as information regarding central obesity (i.e., waist/hip ratio), as well as lifestyle and dietary factors, which may be helpful to better understand the relationship between sUA levels and hypertension. Moreover, the role of insulin resistance, renin--angiotensin system, endothelial dysfunction, and oxidative stress were not assessed in the study. We did not obtain information regarding the exact time of first appearance of hypertension in subjects. Further studies including more information about hypertension are warranted.

Our study revealed that hyperuricemia was significantly associated with the incidence of hypertension even after adjustment for known confounders. An interaction analysis revealed the stable impact of sUA on the development of hypertension, and a nomogram showed 5-year risk of development of hypertension in each patient. We propose that future studies should focus on gaining a better understanding of and management of sUA and BP levels to prevent cardiovascular events.

Abbreviations: auROC = area under the receiver operating characteristic curve, BMI = body mass index, CAD = cardiovascular disease, Ccr = creatinine clearance rate, CI = confidence interval, DBP = diastolic blood pressure, FPG = fasting plasma glucose, GAM = generalized additive model, HDL-C = high-density lipoprotein cholesterol, LDL-C = low-density lipoprotein cholesterol, MetS = metabolic syndrome, OR = odds ratio, SBP = systolic blood pressure, sUA = serum uric acid, TAOC = total antioxidant capacity, TC = total cholesterol, TG = triglyceride.
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